Direct evidence for ferromagnetic spin polarization in gold nanoparticles 
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We report the first direct observation of ferromagnetic spin polarization of Au nanoparticles with 
a mean diameter of 1.9 nm using X-ray magnetic circular dichroism (XMCD). Owing to the element 
selectivity of XMCD, only the gold magnetization is explored. Magnetization of gold atoms esti- 
mated by XMCD shows a good agreement with the results obtained by conventional magnetometry. 
This result is evidence of intrinsic spin polarization in nano-sized gold. 

PACS numbers: 73.22.-f; 75.50.Tt; 75.75.+a; 75.70.Rf 
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Metal nanoparticles or clusters have recently become of 
great interest to physicists, chemists and engineers with 
regards their practical applications, such as high density 
storage media Q and next generation devices like single 
electron transistors 0, as well as for their fundamental 
physics When the size of the particles or clusters 
is sufficiently small, degenerate energy levels split into 
discrete levels and the Fermi wavelength of the electrons 
becomes comparable to the size of system. Consequently, 
the physical properties of these particles are expected to 
be quite different from the bulk properties. However, due 
to the difficulty of preparing samples with well-defined di- 
ameters, for a long time it has been difficult to observe 
the difference in properties experimentally. In the past 
two decades, a new class of materials, metal nanoclusters 
stabilized by chemical materials, have been extensively 
studied 0, In particular, noble metal nanoclusters 
have been synthesized using various stabilizer molecules, 
e.g. Au 5 5(PPh 3 )i2Cl 6 , Pd 56 iphen 36 02oo±20,etc 0. Re- 
cently, a size adjustment method for noble metal (Pd, Pt, 
Au) nanoparticles embedded in linear alkyl chain poly- 
mers has been developed 0, • This method ensures the 
generation of mono-dispersed metal nanoparticles with 
arbitrary diameter. A wide range of particle diameters 
can be achieved and the variance in the diameter is very 
small. The ability of this method to adjust the size of the 
clusters allows a systematic investigation of the physical 
properties of metal clusters in the nanometer size range. 

Hori et al. have reported the macroscopic magnetic 
properties of polymer stabilized metal nanoparticles 0- 
They observed superparamagnetic behavior in Pd and Au 
nanoparticles embedded in poly(Y-vinyl-2-pyrrolidone) 
(PVP) at low temperatures. This fact means that the 
individual Pd or Au particles possibly have ferromag- 
netic moments, although Pd shows paramagnetism and 
Au shows diamagnetism in the bulk states. However, no 
clear evidence has been provided that the ferromagnetism 
of Au particles is intrinsic, because their SQUID mag- 
netization data may include magnetization signals origi- 



nating from trivial sources other than the nanoparticles, 
such as magnetic impurities or unpaired electrons in the 
protective polymer. The effects from these sources can- 
not be removed using conventional magnetometry tech- 
niques. An experimental technique that allows the selec- 
tive observation of the magnetization of Au nanoparticles 
should be used. 

In this paper, we present direct evidence of the in- 
trinsic ferromagnetism of Au nanoparticles by means 
of element-specific magnetization (ESM) measurements 
based on the X-ray magnetic circular dichroism (XMCD) 
technique [ljj. The XMCD technique allows the detec- 
tion of the magnetic moments of a particular element 
through sensitivity to the difference between the up- and 
down-spin densities around the Fermi level. This element 
selectivity is the most important advantage of this tech- 
nique over conventional magnetometry and is essential in 
the present study for extracting the magnetization of the 
Au nanoparticles. Since the first observation of XMCD 
m Fe |rj, the magnetism of nanostructured materials 
[l2|. thin films 0] and strongly correlated systems [T^ 
have been widely investigated using this method. 

The XMCD spectra were recorded using a highly sen- 
sitive spectrometer 0] installed at BL39XU of SPring-8 
synchrotron radiation facilities. External magnetic fields 
up to 10 T were applied along the X-ray beam direction 
using a split-type superconducting magnet. The experi- 
mental resolution was high enough to detect XMCD sig- 
nals of 10~ 5 parts of the spin-averaged X-ray absorption 
coefficients. This high sensitivity is achieved through the 
helicity modulation technique [lj| based on lock-in detec- 
tion, and the high brilliance of the third generation syn- 
chrotron radiation source. We emphasize that the mod- 
ulation technique was crucial for the detection of very 
small ferromagnetism in Au nanoparticles because this 
technique dramatically improves the signal/noise ratio 
of the XMCD signal. 

In the present work, Au nanoparticles protected by 
polyallyl amine hydrochloride (PAAHC) (abbreviated 
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FIG. 1: (a) Schematic illustration of the PAAHC-Au 
nanoparticles. (b) TEM image of Au nanoparticles pro- 
tected by PAAHC. Mean diameter of the sample is 1.9 
nm. Scale bar is shown in the image. (c) Size distri- 
butions of PAAHC-Au nanoparticles. The solid line rep- 
resents the fitting curve assuming the log-normal function 

f(r) — -y= — exp (— ^-^pr^ J where r is the particle diam- 
eter. The fitting results of parameters are the mean particle 
diameter ro = 1.9 nm and the standard deviationga = 0.2 
nm. 



as PAAHC-Au) are used as samples, prepared by a 
method described in Ref.0- Each nanoparticle (clus- 
ter of Au metal) is surrounded by the matrix poly- 
mer, which prevents further aggregation and oxidation 
of the Au nanoparticles (Fig. 1(a)). The Au nanoparti- 
cles show a cuboctahedron shape with an fee structure. 
The nanoparticles are stabilized by the adsorption of the 
amide functional group of PAAHC and a hydrophobic 
interaction between the surface of the nanoparticles and 
the train part of the linear alkyl chain (dotted lines in 
Fig. 1(a)). The tail part of the polymer forms loops and 
shows folding with some conformation (thick solid line). 
The samples are stable in air for several months. The 
distribution of particle diameter was determined from a 
transmission electron microscope image (TEM, Hitachi 
H-7100). The mean diameter and standard deviation of 
the particles were 1.9 nm (212 atoms per cluster) and 0.2 
nm respectively, measured by counting 200 particles from 
the TEM image (Fig. 1(b), (c)). The crystal structure of 
the nanoparticles was identified to be an fee structure by 
X-ray powder diffraction (XRD, MAC Science) using Cu- 
Ka radiation. Magnetization and susceptibility measure- 
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FIG. 2: XMCD and XAS spectra at the Au L 3 - and L 2 -edge 
with an applied magnetic held of 10 T. The XMCD and XAS 
spectra include a same scale factor so that the height of the 
edge jumps of the XAS spectra (solid lines) are unity. Solid 
lines with closed circle symbols represent an XMCD spectrum 
with an applied magnetic field of 10 T, while the dotted line 
indicates an XMCD spectrum in a magnetic field applied in 
the opposite direction, implying the observed signal is not an 
artificial effect. 



ments were performed using a commercial superconduct- 
ing quantum interference device (SQUID) magnetometer 
(Quantum Design, MPMS-XL) in the temperature range 
between 1.8 and 300 K and a magnetic field up to 7 T. 

Figure 2 shows X-ray absorption spectroscopy (XAS) 
and XMCD spectra of Au at the L 3 - (2p 3 / 2 —* 5d 5 / 2 , 
6si/2 dipole allowed transitions) and L 2 -cdge (2pi/ 2 — > 
5^3/2, 6s!/ 2 ) at 2.8 K in an applied magnetic field of 
10 T. A negative XMCD signal was clearly observed at 
the L 3 -edge (11.917 keV), whereas the XMCD signal at 
the L 2 -edge (13.730 keV) was positive. The XMCD am- 
plitude is of the order of 10 -4 of the XAS step height. 
Small negative peak structures were observed at the high- 
energy side of the main peaks, at 11.930 and 13.741 keV. 
As shown by the dotted line in Fig. 2, the sign of the 
XMCD signal reversed when the magnetic field direction 
was changed. This result verifies that the observed signal 
is truly of magnetic origin and does not arise from any 
artificial effects. To the best of our knowledge, this is the 
first observation of an evident XMCD signal arising from 
Au. 

The XMCD peak height at the L 2 -edge is less than half 
that at the L^-edge. This asymmetry indicates that the 
Au 5d electrons have considerable orbital moment. Us- 
ing the sum rules 0, 0] , the ratio of the orbital to the 
spin magnetic moments was determined to be (a*l)/(ms) 
= 0.145, which is larger than that in orbital-quenched 
3d transition metals and is comparable to the reported 
values for Pd and Pt systems 0, 0|. In determining 
(i^l) / (l^s) , the value of the hole number in the Au va- 
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lence is not required and the magnetic dipole term (T z ) 
was neglected. In principle, the sum rules give separate 
quantitative values of the spin and orbital magnetic mo- 
ments. However, this analysis requires a correct value 
of the valence hole number and close estimation of the 
(T z ) term. For Au nanoparticlcs, the hole number and 
(T z ) values are likely to be quite different from the known 
values for bulk Au [2oT |. and hence we did not attempt 
to estimate these values. We will restrict further discus- 
sion to the relative variations of the XMCD signal as a 
function of external magnetic field or temperature. 

Considering the XMCD signal to be proportional to 
the magnetization, ESM is obtained by recording the 
peak amplitude of the XMCD spectra at the Au L3- 
edge as a function of external magnetic field and tem- 
perature. Figure 3(a) shows ESM measurements scaled 
arbitrarily for comparison with the magnetic field varia- 
tion of SQUID magnetization in the same figure. ESM 
increases with increasing magnetic field without satura- 
tion. This behaviour is similar to the magnetization pro- 
cess obtained by SQUID magnetization measurements. 
As is discussed in the following section, the magnetiza- 
tion process consists of superparamagnetic and tempera- 
ture independent Pauli-paramagnetic parts. For an ideal 
superparamagnetic system, the magnetization curve is 
expressed by M(H) = NfiL(x), with the Langevin func- 
tion L(x) = coth(a;) —1/x, where x = ^H/k^T, fi is the 
magnetic moment per particle and N is the total number 
of particles per unit mass. Hence, the total magnetiza- 
tion can be expressed as M(H) = NfiL(x) + XPauii-ff- 
The dotted line in Fig. 3(a) represents the fitting re- 
sults. The magnetic moment determined in this way was 
0.4 /ub/Au particle. XMCD is an element selective tech- 
nique and impurity atoms other than Au do not influence 
the experimental results. Since the value of the magnetic 
moment is relatively small, one might attribute the mag- 
netization to the polarization of the conduction electrons 
of Au induced by magnetic impurities. This possibility 
is denied for the present system by the following rea- 
son. First, the amount of magnetic impurity included 
in the sample was extremely small. We have quantita- 
tively analyzed the amount of the magnetic impurities 
using an inductively coupled plasma mass spectrometer 
(ICP-MS), and Fe, Co and Ni, were not detected within 
the detectable limit of 5 ppm. Even if one assumes that 
the sample contains Fe impurities of 5 ppm, it is impos- 
sible to explain the absolute value of the magnetization 
measured by SQUID magnetometry. Second, the con- 
duction electrons of Au do not tend to have magnetic 
polarization induced by the magnetic impurities because 
the density of states at the Fermi level is small. It is well 
known that small amounts of magnetic impurities could 
affect the surrounding magnetic properties significantly 
and induce ferromagnetic moments for elements on the 
verge of ferromagnetism, such as Pd and Pt. However, 
it has not so far been reported that Au exhibits such an 
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FIG. 3: (a) ESM of PAAHC-Au as a function of applied 
magnetic field and magnetization process obtained by SQUID 
magnetometer. The integral of the peak intensity yields sim- 
ilar results. Dotted line is the fit to the data assuming a 
Langevin function plus a linear field-dependent term, (b) 
Temperature dependence of the XMCD peak intensity at 
10 T recorded at the Au I/3-edge and temperature varia- 
tion of the magnetization measured by SQUID magnetome- 
ter at 7 T. Dotted line is the fit to the data assuming 
X(T) = NfiL(x)/H + XPauii- Solid lines are guides for the 
eye. 



effect. Therefore, we conclude that the observed magne- 
tization is an intrinsic effect of the Au particles. 

The temperature dependence of ESM was also investi- 
gated and compared to the temperature variation of the 
SQUID magnetization. As shown in Fig. 3(b), ESM in- 
creases rapidly with decreasing temperature, although it 
seems that a finite constant value remains at high tem- 
peratures. The steep increase of ESM at low temper- 
atures is consistent with the temperature variation of 
SQUID magnetization and does not contradict the char- 
acteristics of the superparamagnetic model (dotted line 
in Fig. 3(b)). The temperature-independent magneti- 
zation corresponds to the Pauli-paramagnetic part men- 
tioned above, which is not observed in bulk gold metal 
that shows a diamagnetic response (-0.142 xlO -6 emu/g) 
and monotonic increase with decreasing temperature. 
We believe that the paramagnetism of Au is masked, in 
the bulk states, by the huge diamagnetism of the con- 
duction electrons, but not for nanoparticle, the param- 
agnetism emerges due to a size effect reducing the density 
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of states at the Fermi level, and consequently suppressing 
the diamagnetism. 

Our observation provides evidence of the existence 
of spin polarization in Au nanoparticles. It should be 
noted that our results are not related to the induced 
magnetism by magnetic elements that is often observed 
in magnetic/nonmagnetic/magnetic layer structures |l9j . 
because our system consists of Au and a polymer ma- 
trix that is made of nonmagnetic elements (C, H, N). 
Size effects, such as the so-called Kubo effect, are not re- 
sponsible for the present results because the Kubo effect 
should be observed below 1 K for the size of nanopar- 
ticles studied here One possible explanation for the 
ferromagnetic polarization is surface ferromagnetism due 
to the large ratio of the number of atoms on the surface 
to the number in the core. It has been predicted theo- 
retically that ferromagnetic spin polarization could take 
place in Ad and 5d transition metals with reduced coor- 
dination geometry [2]]]. Moreover, if one assumes that 
superparamgnetism and Pauli-paramagnetism arise from 
surface atoms and core atoms in Au nanoparticles respec- 
tively, the observed mixture of superparamagnetism and 
Pauli-paramagnetism is reasonably explained. 

On the other hand, the polymers, as stabilizers of 
the nanoparticles, also interact with the surface and 
would play an important role: the electronic proper- 
ties of Au particles strongly depends on kind of poly- 
mers j2^. For example, ligand molecules with a large 
affinity to the metal tend to quench the magnetic mo- 
ment at the surface of nanoparticles [23j. Our re- 
cent experiments showed a sizeable reduction in the 
magnetization for ligand-stabilized nanoparticles such as 
dodecanthiol-stabilized nanoparticles. On the contrary, 
several kinds of polymer-stabilized nanoparticles exhib- 
ited similar superparamagnetic behavior with large mag- 
netic moments 24]. This suggests that the interaction 
between the surface of the Au nanoparticles and the lig- 
and is weak for polymer-stabilized nanoparticles com- 
pared to dodecanthiol-stabilized nanoparticles, for which 
it is known that the ligand forms covalent bonds with 
the metal surface. Therefore, the most reasonable pic- 
ture for the experimental results is that PAAHC-Au can 
be regarded as a nearly freestanding cluster so that the 
surface magnetic moment survives. Supporting this, ex- 
perimental observations of ferromagnetism or paramag- 
netism have been reported recently for large bare Pd 
and Au clusters produced by a gas evaporation method 
[25I Ejj]. For future prospects, variation of the nanopar- 
ticle magnetism with the coupling strength between the 
protective agent and the surface is an interesting sub- 
ject. The XMCD technique will be a powerful tool for 
this kind of study. 

In summary, our XMCD and ESM experiments have 
revealed the intrinsic magnetic polarization in the Au 
nanoparticles with a mean diameter of 1.9 nm. The 
external magnetic field and temperature dependence of 



ESM signal suggested that magnetization of Au nanopar- 
ticles consist of the superparamagnetic part obeying 
the Curie law, and the temperature-independent Pauli- 
paramagnetic part. The mixture of these component 
is reasonably explained by the picture that the surface 
atoms are ferromagnetic and the core atoms are Pauli- 
paramagnetic. We infer that the weak coupling between 
the protective agent and the surface of the gold is an 
indispensable condition for the observation of spin polar- 
ization. 

The synchrotron radiation experiments were per- 
formed at SPring-8 with the approval of Japan Syn- 
chrotron Radiation Research Institute (JASRI) as Nan- 
otechnology Support Project of The Ministry of Educa- 
tion, Culture, Sports, Science and Technology. (Proposal 
No. 2002B0380-NS2-np / BL-No.39XU) 



[1] S. Sun, C. B. Murray, D. Weller, L. Folks and A. Moser, 

Science 297, 1989 (2000). 
[2] R. P. Andres et al, Nature 273, 1690 (1996). 
[3] Y. Volokitin et al, Nature 384, 621 (1996). 
[4] G. Schmid (ed.) Cluster and Colloids. From Theory to 

Applications (VCH, Weinheim, 1994). 
[5] L. J. de Jongh (ed.) Physics and Chemistry of Metal 

Cluster Compounds (Kluwer, Dordrecht, 1994). 
[6] G. Schmid, Polyhedron 7, 2321 (1988). 
[7] T. Teranishi, I. Kiyokawa and M. Miyake, Adv. Mater. 

10, 596 (1998). 
[8] T. Teranishi and M. Miyake, Chem. Mater. 11, 3414 

(1999). 

[9] H. Hori et al, Phys. Lett. A263, 406 (1999). 
[10] G. Schiitz, M. Knulle, H. Ebert, Physica Scripta. T49, 
302 (1993). 

[11] G. Schiitz et al, Phys. Rev. Lett. 58, 737 (1987). 
[12] P. Gambardella et al, Nature 416 301 (2002). 
[13] D. Weller et al, Phys. Rev. Lett. 75 3752 (1995). 
[14] M. Kucera et al, Phys. Rev. B 66, 144405 (2002) 
[15] M. Suzuki et al, Jpn. J. Appl. Phys. 36, L1488 (1998). 
[16] B. T. Thole, P. Carra, F. Sette and G. van der Laan, 

Phys. Rev. Lett. 68, 1943 (1992). 
[17] P. Carra, B. T. Thole, M. Altarelli and X. Wang, Phys. 

Rev. Lett. 70, 694 (1993). 
[18] J. Vogel et al, Phys. Rev. B 55, 3663 (1997). 
[19] F. Wilhelm et al, Phys. Rev. Lett. 85, 413 (2000). 
[20] P. Zhang and T. K. Sham, App. Phys. Lett. 81, 736 

(2002) . 

[21] S. Bliigel, Phys. Rev. B. 51, 2025 (1995). 

[22] P. Zhang and T. K. Sham, Phys. Rev. Lett. 90, 245502 

(2003) . 

[23] D. A. van Leeuwen et al, Phys. Rev. Lett. 73, 1432 
(1994). 

[24] H. Hori et al, to appear in Phys. Rev. B, 

|cond-mat /0306261 
[25] T. Taniyama, E. Ohta and T. Sato, Europhys. Lett. 38, 

195 (1997).; T. Shinohara, T. Sato and T. Taniyama, 

Phys. Rev. Lett. 91, 197201 (2003). 
[26] W. H. Li et al, Phys. Rev. Lett. 89, 135504 (2002). 



